The human herpesvirus 8 (HHV-8), also called Kaposi's sarcoma-associated herpesvirus, is a gamma-2 herpesvirus (rhadinovirus) that is associated with all forms of Kaposi's sarcoma (2, 10, 15, 23, 31, 42) , with primary effusion or AIDSassociated body cavity-based lymphomas (8, 33) , and with some cases of multicentric Castleman's disease (14, 46) . HHV-8, like its closest known relative in humans, EpsteinBarr virus (EBV), can persist in a latent form in most tumor cells and lymphoma-derived cell lines (reviewed in reference 43) . In these cells, multiple copies of the viral genome are stably maintained as covalently closed circular molecules (9, 13, (39) (40) (41) . For EBV it is well established that only one viral protein, EBNA1, is required for the viral episomes to be maintained over long periods in dividing cells (26, 29) . In conjunction with the latent origin of replication (oriP) to which it binds, EBNA1 would prevent the loss of neoduplicated episomes during mitosis by tethering the viral genomes to the cellular chromosomes (reviewed in reference 28). There is no sequence homology between any known or putative HHV-8 proteins and EBNA1 (41) . However, recent studies have suggested that the latent nuclear antigen (LNA1) is encoded by open reading frame 73 (ORF73) (22, 24, 38) may be functionally analogous to EBNA1. Indeed, LNA1 associates with metaphase chromosomes and colocalizes with the viral genomes both in interphase nuclei and on mitotic chromatin (4, 12, 47) .
In addition, it binds specifically to an OriP-like-containing region located near the 5Ј end of the genome and allows the stable maintenance of plasmids that contain this region (4, 12) .
To date, only a few studies have investigated the structural and functional aspects of LNA1. In the reference strain BC-1, LNA1 is 1,162 amino acids long (41) and has an apparent molecular mass of 224 to 234 kDa on sodium dodecyl sulfate (SDS)-8% polyacrylamide gels (38) . However, its size varies greatly among HHV-8 isolates, mainly because of variations in length that affect a large internal acidic domain (18, 19, 35, 38, 51) . LNA1 has recently been shown to bind to and inactivate the tumor suppressor p53 gene product (16) . In addition, it can act as a transcriptional repressor when targeted to constitutively active promoters (44) , a least in part by tethering of an mSin3-containing corepressor complex (25) . Taken together, these data suggest that LNA1 can act as a transcriptional regulator, a function that may play a role in HHV-8-mediated oncogenesis. LNA1 also interacts with RING3, a cellular protein that may mediate a specific phosphorylation of the LNA1 C terminus (37) , and with histone H1, a possible partner of LNA1 on mitotic chromosomes (12) .
The aim of the present work was to identify the region(s) of LNA1 that is important for its association with mitotic chromosomes. Since nuclear targeting was assumed to be a preliminary condition for this interaction to occur, studies were conducted to identify the LNA1 nuclear localization signal (NLS). For this purpose, we investigated the cellular and subcellular localization of LNA1 and various truncated forms fused to a variant of the green fluorescent protein with enhanced fluorescence (EGFP) by using low-light-level fluorescence micros-copy in living HeLa cells. A short basic N-terminal sequence comprising amino acids 1 to 32 was proven to be essential both for nuclear localization and chromosome binding. Further experiments indicated that the LNA1 NLS was localized between amino acids 24 to 30 whereas the unique chromosome binding site (CBS) of LNA1 mapped between amino acids 5 and 22. Interestingly, this CBS was required for LNA1 to colocalize with chromatin during interphase. These results are discussed with regard to their possible implication for our understanding of LNA1 functions that are related to the stable maintenance of latent episomes.
MATERIALS AND METHODS
Cell lines. BBG1 is a malignant B-cell line established from the blood of a human immunodeficiency virus-infected patient presenting with a cutaneous B-cell lymphoma, in which both EBV and HHV-8 were detected (32) . BBG1 cells were grown in RPMI 1640 medium supplemented with 10% fetal calf serum, streptomycin (10 5 U/liter), vancomycin (0.1 g/liter), and glutamine (2 mM). The human epithelial cell line HeLa (ATCC CCL2) was grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, streptomycin (10 5 U/liter), vancomycin (0.1 g/liter), and glutamine (2 mM). Plasmids. pEGFP-CI and pEGFP-NI (Clontech), encoding EGFP, were used to express LNA1 and its various derivatives fused to the N terminus (pEGFP-NI) or the C terminus (pEGFP-CI) of EGFP. A 3,127-bp PCR product containing the entire ORF73 coding region was generated from BBG1 DNA by high-fidelity PCR using Pwo DNA polymerase (Roche) and primers ORF73G1 and ORF73G2 (Table 1 ). This PCR product was cloned in frame with EGFP in pEGFP-NI digested by SmaI. The resulting plasmid, pEGFP-NI-LNA, was used as a template to generate the following deletion mutants by PCR using the Pwo DNA polymerase and the primers indicated in parentheses: 73B (73B BamHI and 73B HindIII), K7 (LNA1241 KpnI and LNA1090 BglII), K3 (LNA2 KpnI and LNA854 BglII), K4 (LNA2 KpnI and LNA438 BglII), 73A (73A BglII and 73A HindIII), K5 (LNA2 KpnI and LNA216 BglII), K10 (LNA2 EcoRI and LNA189 KpnI), K6 (LNA2 KpnI and LNA100 BglII), K8 (LNA2 EcoRI and LNA45 KpnI), K9 (LNA2 EcoRI and LNA15 KpnI), K14 (LNA46 EcoRI and LNA1090 BglII), and K15 (LNA33 KpnI and LNA1090 BglII). The resulting PCR products were cloned into pEGFP-CI. pEGFP-CI-LNA was constructed by introducing the PCR product generated with primers LNA2 EcoRI and LNA189 KpnI within the plasmid encoding mutant K7.
The following constructs were generated by inserting the indicated synthetic linkers into pEGFP-CI: EGFP-NLS, which encodes EGFP fused to the NLS of simian virus 40 (SV40 T) antigen (T.NLS) (NLS S and NLS AS), K11 (K11 S and K11 AS), K12 (K12 S and K12 AS), K13 (K13 S and K13 AS), and K16 (K16 S and K16 AS). NLS-K7 was obtained by cloning the linker NLS S and NLS AS downstream of the region encoding EGFP in K7. The mutant K8-K7 was obtained by subcloning the EcoRI-KpnI insert from mutant K8 into K7. Similarly, K9-K7 resulted from subcloning of the EcoRI-KpnI insert from K9 into K7. K2 was generated by subcloning the BamHI-BamHI fragment from pEGFP-NI-LNA into pEGFP-CI digested by BamHI. NLS-K15 was obtained by cloning the PCR product generated from pEGFP-NI-LNA with primers LNA33 KpnI and LNA1090 BglII in EGFP-NLS. K16-K15 and K16-K7 were obtained by inserting the linker K16 S and K16 AS downstream of the region encoding EGFP in K15 and K7, respectively. K17 was obtained by simultaneously cloning two PCR (mutant N4) (HEPTA S and HEPTA AS). A PCR product encoding amino acids 1 to 32 was generated with primers LNA1 KpnI and LNA32 KpnI and cloned at the KpnI site into pcDNA3.1-hisB-LacZ (mutant N1). L7 encoded the EBNA1 NLS fused to ␤-galactosidase. This construct was obtained by cloning a PCR product (L7K280 and L7K411) generated from pEGFP-EBV-EBNA1 (30) into pcDNA3.1-hisB-LacZ at the KpnI site.
Plasmid DNA was purified using the plasmid Maxi kit (Qiagen). DNA sequencing was performed by automated sequencing using the dideoxynucleotide chain termination method as recommended by the manufacturer (ABI Prism dRhodamine Terminator Cycle Sequencing Ready Mix; Applied Biosystems).
Sequence analyses were performed with Sequence Navigator version 1.0.1 (Perkin-Elmer). The sequences were aligned using Clustal W (49) . DNA tandem repeats in ORF73 were located with Tandem Repeats Finder (http://c3.biomath .mssm.edu/trf.html) (5) .
Transfections. HeLa cells were grown in six-well plates until they reached approximately 80% confluence. A 1-g portion of purified plasmid DNA and 8 l of LipofectAMINE (Life Technologies) were used for each transfection as recommended by the manufacturer. The DNA-LipofectAMINE complex was overlaid on the cells, which were then incubated at 37°C for 5 h in serum-and antibiotic-free Dulbecco's modified Eagle's medium. The cells were then washed before being incubated for another 12 to 24 h in the presence of culture medium supplemented with 10% fetal calf serum.
Fluorescence microscopy at low light levels. Epifluorescence microscopy imaging was carried out at room temperature on living cells, using very low excitation light levels to prevent cell damage. HeLa cells were grown on coverslips (diameter, 32 mm; Bachofer) and transfected as described above. The cells were incubated with Hoechst 33342 (0.1 g/ml) for 15 min at 37°C. After being washed, the coverslips were mounted on a thermostatted holder for direct microscopic observation in the presence of prewarmed phenol red-free medium. Cells were viewed through an Ultrafluor objective (magnification, ϫ100; NA ϭ 1.3) on an inverted microscope (Leica DMIRBE). The detector was a cooled slow-scan charge-coupled device camera with 1,024 by 1,024 pixels, digitized on 4,096 gray levels (S1-8M; SILAR, St. Petersburg, Russia). The excitation was provided by a 50-W high-pressure mercury lamp. For low excitation light levels, a neutral-density filter with optical density of 1 was placed on the excitation path. For Hoechst 33342 fluorescence, the maximum excitation wavelength was 365 nm and the emission wavelengths were between 425 and 495 nm. For EGFP fluorescence, the maximum excitation wavelength was 436 nm and the emission wavelengths were between 515 and 560 nm. Image processing was carried out as described previously (11), by using Khoros software (Khoral Research, Albuquerque, N.M.) running on a Sun Microsystems workstation. The images were displayed over 256 gray levels in false color (blue for Hoechst 33342 fluorescence images, green for EGFP fluorescence images).
Western blot analysis. Western blot analyses were performed 24 h after transfection as previously described (30) , except that total proteins were separated on an SDS-8% polyacrylamide gel in a Tris-Tricine buffer system by the procedure described by Gallagher (17) . EGFP-fused proteins were detected with a 1:1,000 dilution of the mouse JL-8 monoclonal antibody (Clontech) and a 1:10,000 dilution of a peroxidase-conjugated anti-mouse immunoglobulin G polyclonal antibody (Amersham Pharmacia Biotech). Protein was detected by chemiluminescence as recommended by the manufacturer (ECL Western blotting detection reagents; Amersham Pharmacia Biotech).
Histochemical staining. HeLa cells were grown on coverslides and transfected by the various ␤-galactosidase-encoding constructs as described above. At 24 h after transfection, the cells were briefly rinsed and fixed in 2% formaldehyde-0.2% glutaraldehyde in phosphate-buffered saline for 15 min. The staining solution was prepared immediately before use by diluting the X-Gal stock solution Nucleotide sequence accession number. The sequence of ORF73 from BBG1 has been deposited with GenBank and has been assigned accession number AF305694.
RESULTS
Cloning and characterization of ORF73 from BBG1. Only a few full-length sequences for HHV8 ORF73 were available at the time this study was initiated. Since sequence variability can provide important information regarding the putative functional domains of a protein, we isolated and analyzed the LNA1 coding region (ORF73) from a recently characterized B-cell line that is dually infected by EBV and HHV-8 (32). The ORF73 gene was obtained by high-fidelity PCR from purified DNA. Following analysis by agarose gel electrophoresis, a unique PCR product was observed (data not shown). Since ORF73 varies greatly in size from one isolate to another, this result indicated that BBG1 was infected by a single HHV-8 variant. The PCR product was gel purified and cloned in frame with the N terminus of EGFP in pEGFP-NI, and the resulting plasmid, pEGFP-NI-LNA, was fully sequenced in the region encoding the fusion protein. Since some artifactual mutations may have arisen during the PCR and cloning procedures, two independent gel-purified PCR products were also fully sequenced. All three sequences were identical and were deposited with GenBank.
In BBG1, ORF73 encodes a putative 1,036-amino-acid polypeptide. The sequence was compared both at the nucleotide and at the amino acid levels with the three other full-length sequences that were available. The first of these was from the prototypic BC1 cell line (GenBank U75698), and the other two, KS1 (GenBank U93872) and KS2 (GenBank AF148805), were obtained from DNA libraries generated from two Kaposi's sarcoma biopsy specimens (19, 35, 41) .
Sequence alignment showed that LNA1 could be divided into two conserved regions, spanning amino acids 1 to 337 (the unique left region) and 798 to 1036 (the unique right region), that are separated by an internal region composed mainly of a limited number of repeated motifs. Nucleotide alignments revealed that only four nucleotide positions were variable in the unique left region whereas the unique right region was perfectly conserved (Table 2 ). This contrasts with the high variability observed in the central acidic domain, both at the nucleotide and at the amino acid levels. The region encoding amino acids 338 to 797 is composed of a series of short conserved tandem repeats whose number is characteristic of each HHV-8 isolate (Fig. 1) . This region is interrupted by a con- 154
a Nucleotide position refers to the sequence of ORF73 in BC1. Note that the positions are identical in BC-1, KS1, KS2, and BBG1 (see the text).
b The variable nucleotide is capitalized for each codon, and the resulting amino acid is specified in parentheses.
served nonrepeated sequence (the unique central region) encompassing amino acids 439 to 452.
Nuclear and subnuclear localization of LNA1. Previous studies have shown that LNA1 is localized in the nuclei of latently infected cells and that it interacts with the border of heterochromatin during interphase and with chromosomes during mitosis (4, 12, 47, 48) . To identify the regions of LNA1 that are responsible for its nuclear and subnuclear distribution, we analyzed the localization of LNA1 and truncated forms fused to the EGFP by means of low-light-level fluorescence microscopy of living HeLa cells. This procedure allowed the detection of EGFP-fused polypeptides in living cells even when the expression level was low and with limited damage to the cells.
For this purpose, ORF73 was cloned in frame with either the N terminus (pEGFP-NI-LNA) or the C terminus (pEGFP-CI-LNA) of the EGFP. The expression of the fusion proteins was assessed by Western blot analysis using a monoclonal antibody directed against EGFP (Fig. 2) . As shown in Fig. 2 , pEGFP-NI-LNA encoded a large polypeptide that migrated with an approximate molecular mass of 176 kDa, which was slightly higher than expected (146 kDa). This phenomenon has already been observed for the native LNA1 and is probably related to the presence of the central acidic region. pEGFP-CI-LNA gave rise to a protein of comparable mobility in SDS-polyacrylamide gel electrophoresis. In both cases, several EGFP-tagged polypeptides whose molecular mass ranged from 27 to 53 kDa were observed, suggesting that LNA1 may be subjected to multiple proteolytic cleavages at both its N and C termini. However, since high-molecular-weight proteins were detected for both EGFP-LNA1-and LNA1-EGFP-encoding constructs, it can be deduced that proteolysis was only partial.
Microscopic analysis indicated that EGFP diffused freely both in the cytoplasm and in the nucleus of HeLa cells whereas LNA1-EGFP and EGFP-LNA1 accumulated in the nucleus (Fig. 3) . Both proteins largely, but not exclusively, colocalized with the chromatin. Indeed, LNA1-EGFP and EGFP-LNA1 were occasionally concentrated within nuclear foci that did not colocalize with the Hoechst 33342 staining.
To identify LNA1 regions that are required for its nuclear and possibly subnuclear localization, several truncated forms of LNA1 were tested for their ability to target EGFP in the nucleus (Fig. 4) . The proper expression of the fusion proteins was assessed by Western blot analysis for all constructs (Fig. 2  and data not shown) . Surprisingly, initial experiments indicated that both the N terminus and the C terminus of LNA1 might contain functional NLS. Indeed, a mutant encoding amino acids 816 to 1036 (mutant 73B) was strictly nuclear, although its theoretical molecular mass (52.2 kDa) was slightly higher than the limit for passive diffusion through the nuclear pore (6) . However, the putative NLS that localized in the C terminus of LNA1 was unlikely to be required for LNA1 nu- clear targeting for at least two reasons: mutants K2 and K7 were strictly cytoplasmic, and a large deletion that removed amino acids 800 to 1036 did not prevent nuclear accumulation of mutant K3. Rather, this would suggest that one or several NLS are located between amino acids 1 and 799. Further analysis indicated that the region encompassing amino acids 1 to 32 contains a sequence that is essential for the proper nuclear localization of LNA1. First, deletion of amino acids 1 to 32 totally abrogated nuclear localization, as indicated by the cytoplasmic localization of mutant K15, although nuclear targeting could be restored by the addition of the well-characterized NLS of the SV40 large T antigen (T.NLS) (21) (mutant NLS-K15). Second, amino acids 1 to 32 could restore the nuclear localization of mutant K7, which is otherwise cytoplasmic (mutant K9-K7). Third, amino acids 1 to 32 were able to target the EGFP to the nucleus (mutant K9). Since mutant K9 has an approximate molecular mass of 32.8 kDa, it might be argued that its nuclear localization results exclusively from passive diffusion through the nuclear pore and subsequent retention within the nucleus. However, this argument is not valid since amino acids 1 to 32 were also able to target ␤-galactosidase, a heterologous cytoplasmic protein, to the nucleus, which confirmed that this region contained a functional NLS (mutant N1) (Fig. 5) . Although no true consensus sequence has been defined for NLS, most of the well-characterized simple signals appear to have common properties. Notably, they are localized at the surface of the protein and the core NLS is often a hexapeptide or heptapeptide with three to five positively charged amino acids flanked by a proline or a glycine at the N-terminal side, although it sometimes contains an internal proline (6) . Amino acids 1 to 32 contained two short basic sequences (7-RLRSGR-12 and 24-RKRNRSP-30) that partly meet these criteria. As shown in Fig. 5 , only the region encompassing amino acids 20 to 32, and especially the heptapeptide 24-RKRNRSP-30, could induce the nuclear translocation of ␤-galactosidase (mutant N4). Since a deletion that removed only amino acids 24 to 30 resulted in a protein that was cytoplasmic (mutant K17), it was concluded that LNA1 contained a unique simple N-terminal NLS. Moreover, sequence analysis indicated that LNA1 NLS closely resembles the NLS of EBNA1 in EBV and herpesvirus papio ( Fig. 5C ; also see Fig. 7) (1, 50) .
In the course of this study, it was observed that truncation mutants of LNA1 exhibited striking differences in their subnuclear localization. Notably, amino acids 1 to 32 conferred the ability of the fusion proteins to colocalize with the chromatin in interphase cells (mutant K9), as shown by Hoechst 33342 counter-staining. In contrast, a deletion that removed amino acids 1 to 32 from a nearly complete nuclear LNA1 (NLS-K15) induced the protein to form local foci that did not colocalize with chromatin. As illustrated by mutant 73B, this specific pattern appeared to be related to the presence of the C terminus of LNA1 (Fig. 4) . Since LNA1-EGFP and EGFP-LNA1 were previously shown to associate both with dense chromatin and with non-chromatin-associated foci, these results suggested that both the C terminus and the N terminus might independently contribute to LNA1 subnuclear localization in interphase cells.
Mapping of the LNA1 domains involved in binding to mitotic chromosomes. To obtain information concerning the molecular basis of LNA1 interaction with mitotic chromosomes, we attempted to map the LNA1 domain(s) responsible for binding to mitotic chromosomes by investigating the ability of EGFP-fused mutants of LNA1 to interact stably with human chromosomes during mitosis. Similar experiments previously conducted in our laboratory (30) led to the conclusion that this kind of interaction can be highly sensitive to experimental procedures. Therefore, in this study the interaction of LNA1 with mitotic chromosomes was investigated by a procedure that allows the direct observation of EGFP-fused proteins in living mitotic cells by low-light-level fluorescence microscopy. To assess the binding, more than 30 mitotic transfected cells FIG. 2 . Immunoblot analysis of LNA1 and representative truncated forms fused to EGFP. HeLa cells were transfected with constructs encoding EGFP-EBNA1, K7 (LNA1 amino acids 194 to 1036), NLS-K15 (LNA1 amino acids 33 to 1036 fused to the SV40 T.NLS), LNA1-EGFP, and EGFP-LNA1. The cells were collected 24 h after transfection, and 25 g of total protein extract was subjected to SDSpolyacrylamide gel electrophoresis (8% polyacrylamide) with a TrisTricine buffer system. Immunoblotting was performed with a monoclonal antibody directed against EGFP. A major band of 176 kDa was detected for the constructs encoding LNA1-EGFP and EGFP-LNA1 (thick arrow). Smaller polypeptides were also detected for these constructs, indicating that there might be partial proteolysis of LNA1 in its N and C termini (thin arrows). on November 10, 2017 by guest http://jvi.asm.org/ which expressed either high or low levels of the fusion protein were analyzed for each construct, and each experiment was repeated at least three times. When detected, the binding to mitotic chromosomes was observed in all transfected cells, except for mutant K11 (see below). LNA1 interacted with the mitotic chromosomes in HeLa cells whether EGFP was fused to its N or C terminus (Fig. 6) . Importantly, LNA1 binding was observed in cells expressing either high or low levels of the fusion protein. As shown in Fig.  4 , a main chromosome-binding site was mapped to the N terminus of LNA1, between amino acids 1 and 32. Indeed, mutant K9 bound mitotic chromosomes as efficiently as the full-length protein did, and a deletion that affected this region totally abrogated the binding (mutant K15). Since amino acids 1 to 32 had been found to carry the LNA1 NLS, the lack of binding for mutant K15 could be related to the cytoplasmic localization of this mutant. Consequently, we also evaluated the binding of K15 following insertion of the SV40 NLS. The resulting construct encoded a nuclear protein (NLS-K15) that was unable to bind to mitotic chromosomes (Fig. 6) . Western blot experiments confirmed that NLS-K15 migrated with the expected molecular mass in SDS polyacrylamide gel electrophoresis, demonstrating that the lack of binding could not be attributable to a proteolytic cleavage of the fusion protein that would have released only free EGFP (Fig. 2) . This result was consistent with the lack of binding observed with several Nterminally truncated, albeit nuclear, forms of LNA1 such as mutants 73B and NLS-K7 (Fig. 4 and 6) .
These experiments demonstrated that LNA1 contains a unique CBS localized between amino acids 1 and 32. Since this region also contains the LNA1 NLS, the possibility was raised that nuclear targeting and binding to mitotic chromosomes were functionally related. As indicated in Fig. 4 , a mutant encoding EGFP fused to amino acids 1 to 15 (K11) accumulated in the nucleus, although it did not contain an NLS. However, association of K11 with mitotic chromosomes was observed in fewer than 1 of 30 mitotic transfected cells. In addition, binding was reproducibly weak, as indicated by the presence of large amounts of the fusion protein in the nucleoplasm of the cells (data not shown). In fact, the strong binding In agreement with this, a mutant restricted to amino acids 5 to 22 was found to bind to the mitotic chromosomes as efficiently as the full-length protein (mutant K16). Taken together, these data demonstrated that the LNA1 CBS is close to but distinct from the NLS. Importantly, this binding site mapped to a region shown to be involved in the association of LNA1 with interphase chromatin. It was initially supposed that nuclear localization during interphase is a preliminary condition for the proper association of LNA1 with the chromosomes during mitosis. To test this hypothesis, we analyzed the chromosome binding properties of two cytoplasmically truncated forms of LNA1, K7 and K15, that were fused to the LNA1 CBS. In most instances, no binding could be observed, although the fusion protein was detected in close proximity to mitotic chromosomes. Similar results were also obtained for K17 (data not shown). These results therefore confirmed that LNA1 nuclear localization is required for subsequent interaction with mitotic chromosomes, although the NLS itself does not take part in the interaction.
DISCUSSION
Recent work has shed new light on the molecular processes that ensure the long-term maintenance of viral episomes in dividing cells latently infected by bovine papillomavirus, EBV, and, more recently, HHV-8 (4, 12, 27, 28) . It is now considered that a limited number of unrelated viral proteins, i.e., bovine papillomavirus E1 and E2, EBV EBNA1, and HHV-8 LNA1, could intimately link the replication of the viral genomes during the S phase to their segregation during the M phase (4, 7, 12, 45) . More especially, an important function of E2 (and possibly E1), EBNA1, and LNA1 would consist of tethering the viral genomes to the cell chromosomes, thus (i) protecting the viral genomes from destruction at the end of mitosis and (ii) possibly controlling the partition of neoduplicated genomes between the daughter cells. Understanding the nature and possible regulation of the binding of these proteins to mitotic chromosomes is therefore crucial.
The aim of the present work was to identify LNA1 functional sites that are responsible for its nuclear and subnuclear localization. For this purpose, we combined the advantages of the fluorescence properties of EGFP in living cells with those provided by low-light-level fluorescence microscopy to identify LNA1 regions that are required for its nuclear localization, interaction with heterochromatin, and association with human chromosomes during mitosis.
A unique NLS mapped within amino acids 24 to 30. The LNA1 NLS is highly homologous to the NLS that have been identified in EBV and herpesvirus papio EBNA1. In particular, these sequences have a phosphorylation site for protein kinase A and a cdc2-type kinase in common (Fig. 7) . Since phosphorylation of residues close to or within the NLS has been shown to modify the nuclear import of numerous cellular proteins, this suggests that LNA1 and EBNA1 nuclear transport may be regulated by a similar kinase(s), notably during the course of the cell cycle (6). Our results did not confirm the presence of an NLS in the C terminus of LNA1, as recently proposed (44, 48) . Nonetheless, mutant 73B was concentrated in the nucleus, although its calculated molecular mass would predict that it could not freely enter. Two non-mutually exclusive hypotheses can be proposed. First, mutant 73B may be smaller than expected and thus would freely diffuse into the nucleus, where it would be retained by virtue of an interaction with a nuclear protein. In agreement with this assumption, it should be noted that the C terminus of LNA1 is responsible for specific interactions with at least two nuclear proteins, namely, p53 (16) and RING3 (37) . Second, mutant 73B may contain a cryptic NLS that is unmasked only in the truncated protein. This is supported by sequence analysis predicting that the short heptapeptide 869-PGVRMRR-875 could function as an NLS (34) .
Analyses conducted with mitotic cells confirmed that LNA1 binding to mitotic chromosomes did not require the presence of the viral genomes (4) . Further experiments indicated that the LNA1 CBS mapped between amino acids 5 and 22, a region that is also responsible for LNA1 colocalization with interphase chromatin. This observation strongly suggests that interactions are mediated through the same cellular partner. Similar observations were made using the human B-cell line BJAB (T. Piolot and A. Dehee, unpublished data). We are currently investigating the possible interaction of this region with histone H1, a likely partner of LNA1 (12) . Although LNA1 and EBNA1 CBS are localized in regions that are rich in basic amino acids, we could not identify significant sequence homologies (30) . Similarly, we could not identify homologous domains in LNA1 from the closest relatives of HHV-8, including herpesvirus saimiri. Nevertheless, recent work by Hall et al. has shown that the N terminus of the herpesvirus saimiri ORF73 gene product contained two short basic regions that could target EGFP to the nucleus. Based on our results, it is tempting to speculate that one of these sequences functions as a NLS whereas the other acts as a CBS (20) .
Fluorescence microscopy showed that both LNA1-EGFP and EGFP-LNA1 exhibited two distinct localization within the nucleus of living interphase cells. Whereas colocalization of the fluorescence with chromatin was observed in most cells, a punctuated aspect, which was reminiscent of the speckles described with the native protein, was also occasionally observed in the same cells. Deletion analysis strongly suggested that this nuclear sublocalization was due to the presence of a region between amino acids 816 and 1036, which is in agreement with previous work (44) . Comparable observations have been made on the LNA1 homologue in herpesvirus saimiri (20) . Whether this speckled staining is identical to that observed for the native protein has yet to be determined. In any case, this demonstrated that LNA1 could interact with different nuclear structures during interphase, which raised the question of a possible regulation of the LNA1 interaction with heterochromatin during interphase and mitosis.
Ballestas et al. have provided data indicating that subnuclear localization of LNA1 is altered in the presence of the viral genomes, which suggests that some functional domains may be FIG. 7 . Comparison of the CBS and NLS from HHV-8 LNA1, EBV, EBN⌬1, and herpesvirus papio (HVP) EBNA1. The CBS are shadowed, and the NLS are boxed. The PROSITE database with PROSITE SCAN (http://www.isrec.isb-sib.ch/software/PSTSCAN _form.html) was used to search for putative phosphorylation sites (3).
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on November 10, 2017 by guest http://jvi.asm.org/ uncovered and/or activated following LNA1 binding to viral DNA (4) . LNA1 functional regulation may also be achieved by other means. Indeed, we noticed that EGFP-tagged LNA1 and derivatives were accompanied by one or several polypeptides of higher mobility in SDS-polyacrylamide gel electrophoresis. Although we are currently investigating the nature and origin of these polypeptides, preliminary results suggest that they may arise from specific and partial proteolysis of LNA1 in its N and C termini. Proteolytic cleavage in the N terminus would separate a region comprising the CBS from the rest of the protein, whereas specific cleavages in the C terminus would isolate the region responsible for the speckled aspect of LNA1. Whether similar events occur for the native protein in naturally infected cells and, if so, whether these processes are cell cycle regulated will be important subjects of future investigation. One may suggest that other posttranslational modifications could contribute to the regulation of LNA1 interaction with heterochromatin and/or mitotic chromosomes. For instance, phosphorylation plays an important role in the regulation of the viral genome copy number in cells latently infected by bovine papillomavirus (36) . In this model, Penrose and McBride proved that the level of E2, which tethers the viral genomes to the cell chromosomes, is regulated by phosphorylation and subsequent proteolysis. LNA1 is known to be phosphorylated, but there is still very little information concerning the putative effects of phosphorylation on its function. Sequence analysis indicates that the LNA1 CBS and NLS contain several putative phosphorylation sites, notably for protein kinases C and A and for some cdc2-type kinases (Fig. 7) . Phosphorylation at these residues that are flanked by one or several basic amino acids would introduce a negative charge and consequently may profoundly alter the biochemical properties of these domains. Importantly, putative phosphorylation sites are also present in the N terminus of LNA1 from herpesvirus saimiri, and, more surprisingly, in the main CBS of EBV and herpesvirus papio EBNA1 (Fig. 7) . Taken together, these observations suggest that phosphorylation by cell cycle-regulated kinases may play an important role in regulating the LNA1 and possibly the EBNA1 interaction with chromatin.
